Abstract. -Photoemission at the Cooper minimum shows the local density of states and the properties of magnetic impurities in Pd and noble metals to depend critically on the position of the impurity ievel relative to the host d-band. Core level splittings do not provide a reliable measure of local magnetic moments.
Introduction
Many parameters relevant to magnetism can be probed with high energy spectroscopies, such as photoemission (PS), inverse photoemission and X-ray absorbtion (XAS). They include the size [I] and orientation [2, 31 of the effective magnetic moments due to the individual atoms, the occupation of the various bands (e.g. d, f) [I] , the degree of hybridization between levels, and the size of Coulomb and exchange parameters [I] . Whist spin-polarized methods are very important [4], we stress here some examples of two sorts of photoemission measurements on Fe, Co and Ni compounds and alloys which do not utilize spin polarization.
The first method involves the use of the strong energy dependence of partial cross-sections for photoionization of electrons with wave functions of different symmetries and based on different sites. We will show how the difference in host can change the electronic structure of a magnetic impurity. We will also discuss why the behaviour of an impurity may show much stronger variation than the pure magnetic materials.
The second method involves the use of core level splittings in X-ray photoelectron spectroscopy to study the effective magnetic moment on individual 3d metal sites. We will conclude, contrary to various literature reports, that the method is highly unreliable and that the observed phenomenum is not directly related to the magnetic moment of an atom.
Some valence band studies of magnetic irnpurities
Magnetic impurities have been the subject of active phenomenological research for at least 60 years now [I, 51 . The large range of phenomena they induce includes the Kondo effect, spin glass behaviour, '$giantn magnetic moments, and magnetic order transitions at Iow impurity concentrations. It is also noticeable that the observed phenomena show extreme dependence on host (e.g. Pd is completely different from noble metals) and on magnetic impurity (e.g. Cr, Mn, Fe, Co or Ni). The last twenty years have seen significant advances in our understanding of the microscopic electronic structure associated with magnetic impurities, and with hindsight the problem we face here can be illustrated schematically as in figure 1. First, in the top frame of figure 1 we give the classical picture of transition and noble metal densities of states with a narrow d band, in which there is a very high density of states (DOS), and a broad sp band with a low DOS. The behaviour of an impurity 3d metal atom in such a host depends on the energy of its 3d level(s) relative to the s and d bands and the strength of hybridization, or mixing, with the host bands. Computational techniques based on the Anderson impurity model hamiltonian [6] give physical insight into this problem but do require input of empirical parameters. We consider three examples to illustrate the dimensions of the problem when the impurity level mixes with both the sp and d bands of the host. First consider an nonmagnetic impurity for which the effective atomic 3d level is above the host d band. Mixing with the d band draws some weight from the impurity resonance into the d band and shifts the main resonance to higher energy. Large radial wave functions for host and impurity d orbitals lead to large overlap and stronger effects. However, the effects are smder for larger energy separations between host and impurity resonances. Mixing of the impurity level with the host sp band broadens the resonance to a Lorentzian with full width at half maximum given by where Vkd is the average interaction between the free-electron-like sp bands and the impurity d states, pep (a) is the host sp band density of states at the impurity d state energy. However, because the sp band is so broad, the host density of states is low in the region of the impurity resonance, so that the total mixing is weak and the impurity resonance may be quite sharp [7-91. In the second example we illustrate, the impurity resonance is in the host d band. The local density of states as projected at the impurity site may then have a tremendous variety of shapes [8, 101 , depending on the position of the impurity level in the d band and the strength of the coupling (mixing) between host and impurity levels. For instance, if the impurity level is near the middle of the host d band, with increasing coupling the impurity local DOS will first broaden, and then there w i l l be transfer of weight to the edges of the host d band. Eventually, levels may be pushed right out of the d band. If the impurity resonance energy is nearer one edge of the d band, then most weight is transferred to that edge. The final case we consider is for a 3d impurity with large Coulomb exchange interaction splitting and leading to unequal population of spin up and spin down states. As drawn, the impurity local DOS is the sum of the two functions drawn in b) and c).
Experimental determination of the impurity contribution to the DOS is difficult. However, if we assume that the electronic properties of an isolated impurity are mirrored by the properties of 5 at. % of disordered impurity, than we may use the phenomena of the Cooper minimum in photoemission to get a good picture of the occupied part of the impurity resonance. Briefly, a Cooper minimum is a minimum in the photoelectric cross section which occurs in a fairly broad photon energy range and only occurs for orbitals with at least one radial node, i.e. for 4d and 5d but not 3d [ll, 121. Thus if we dissolve a 3d transition metal in an element like Pd, Ag or Au, then the host metal d band contribution to the photoemission will be strongly supressed when the photon energy is -150 eV (near the Cooper minimum). As a consequence, the contribution of the 3d impurity will appear enhanced and can .be analysed. Note that the contributions of the individual spin directions can only be separated with spinresolved photoemission and inverse photoemission and this seems to be some years in the future still because the photon fluxes needed for spin-resolved PS at hv = 150 eV are very high.
The spectra of AuNi in figure 2, taken from the work of Sawatzky's group [9, 13] provide a beautiful illustration of the use of the Cooper minimum. At hv = 65 eV the spectra are dominated by the Au 5d band peaks at -5.5 and -8 eV. However, at hv = 170 eV the Au 5d band photoemission is strongly suppressed and the relative intensity of the impurity Ni d peak, at -0.4 eV binding energy dominates the spectrum. The width of the Ni 3d peak is predominantely due to the instrumental resolution here. Bosch et al. concluded on the basis of UPS measurements that if spin-orbit coupling was taken into account then delta was -120 meV [7] .
Thus the case of h N i represents an example like that in figure 2b , with a narrow impurity resonance in the sp band. For 3d impurities in transition metals the impurity contribution is usually in the same energy region as the host d band and the latter must be subtracted out in order to isolate the impurity contribution to the spectrum. This has been done in figure 3 I141 for Fe, Co and Ni in Pd, which have very distinct physical properties [5] . The difference spectra may be viewed as the best experimental approximation to the local density of occupied states at the impurity sites. Note the following points.
First, the Ni impurity produces a large enhancement of the density of states near the Fermi level, which must be associated with the Ni partial density of states.
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BfNDlNG ENERGY lev) Secondly, a similar enhancement at the Fermi level is found in Co, but here there is also an enhancement of the partial density of states at positions deeper in the band (approximately down to 3 eV).
Finally, in the case of Fe, the pronounced peak at the Fermi level is missing and intensity is spread throughout the whole Pd band. This is particularly strong at about 3 eV below the Fermi level.
As discussed above,-the shape of the impurity partial density of states depends on the strength of mixing which in turn depends on three factors: the density of host states, the hybridization potential mixing the impurity state with the host states and the energy separation between impurity and host states. The density of host states in our systems is the host d state density and this density is always very high. Thus if the host-host and host-impurity d-d hybridization potentials are assumed equal, then the special character of the impurity is in the energy difference between the host d band "centroid1' and the impurity state.
For each of the systems B F e , U C o and =Nil the majority states on the impurity lie in the host d band, although their positions with respect to the Pd d band centroid may vary slightly. These changes are strong enough to cause differences in the partial density of majority spin states on the impurities, as calculated in the local spin density formalism [15, 161 , and also in the higher binding energy part of the 3d contribution which we have extracted through the difference spectra in figure 3 .
The minority states are more complex and probably explain many differences in physical properties of these materials. For Fe the exchange splitting is large enough to push most of the minority 3d weight to energies above the Pd 4d band, while for Co and Ni in Pd the strongest weight in the minority band is calculated to be at the top of the Pd babd 116, 17) . The peak we see growing at the F e d level in going from PdCo to U N i in figure 3 is attributed to states with -minority character and being at the Fenni level it must be critical for the physical properties of the alloys. We will make a more complete comparison with theory at a later date, but we have drawn in figure 3 
Use and abuse of core Ievel splittings
In X-ray photoelectron spectroscopy (XPS) one may remove an electron from either the core, or the valence band region. It is well known that if the valence shells are incomplete, then the core level XPS l i e may be split due to rnultiplet interaction between the spin and orbital moments of the core hole and the unfilled valence shell [la] . It was &st suggested about fifteen years ago 119-201 that one could use the s core level splitting as a monitor ofthe local magnetic moment on the atom subject to core ionization because the splitting should vary linearly with the spin state of the unfilled valence shell, as proposed by van Vleck [23] . However, the attempts made to use multiplet splitt i n g~ as a diagnostic of the local moment do not take into account what we have come to understand about screening of a core hole by valence electrons (see e.g.
Refs. [2432]).
The basic idea behind the concept of screening in core level photoemission is that the valence electron distribution must change in response to core hole creation. For any given core level there are many different possible core ionized final states with different valence electron distributions. These different distributions lead to a variety of energies for the final states, with the consequent observation of several peaks (shake-up) in the XPS spectrum associated with a given core level.
The most widely studied example of shake-up is Ni (see e.g. Refs. [24, 321) . In its ground state, Ni is usually considered to have 9.4 d electrons per Ni atom, so that we may regard its wave function to, be a mixture of the Ni 3d9 and 36'' basis states 1331. In the ground state, these two basis states clearly have similar energy, otherwise, they would not mix so strongly.
However, in the presence of a core hole, s, the energy of the c3d0 state is about 6 eV higher than for the c3d1° state. One thus observes c3d9 satellite struc---tures in addition to the main c3d1° peak in core XPS of Ni. It is a small step to recognize that the 3d count is non-integral in other 3d metals so that similar effects could, in principle, be observed there too.
We draw attention to the fact that effects of multiplets and local charge variations are only separable if the Coulomb interactions between the valence electrons are very large by comparison with the matrix elements (i.e. hybridization or electron hopping integrals) mixing the different final state configurations 129,311. If this is not the case, then the spectra can no longer be regarded as the superposition of two atomiclike multiplets, and one should certainly not regard the observed splittings as a direct monitor of the local magnetic moment on a given atom.
When we plotted the observed Fe 3s XPS peak splitting against the magnetic moment for a whole series of iron compounds and alloys, we found no correlation between the two [34] . This is illustrated in figure 4 for magnetic moments based on neutron diffraction, but we found a very similar picture when the Mossbauer hyperfine field was used as a measure of the moment per Fe atom [34] . Note tha't we even find core level splitting in the Fe 3s peak from Pauli paramagnets, where the effective moment on the Fe atoms is clearly zero. We must thus conclude that the observed splitt i n g are not only a result of the (exchange) interaction between the core hole and the unpaired valence electrons [34] . On the other hand, whilst the perturbation of the valence electrons by the core hole is im- portant, there are equally strong arguments proving that the observed splittings are not due to screening (local charge variation) effects alone.
A proper description of the core level XPS splittings in Fe (and other 3d transition metal) atoms will need to take into account the atomic multiplet structure and exchange interactions between the core and valence electrons, Coulomb interactions between the core and valence electrons with screening and charge variations in the different final states, effective electron correlation between the valence electrons and the local moment on the Fe atoms in the ground state. This is not at all trivial. We believe that recent literature using 3s splittings as a measure of the magnetic moment on Fe, or even as a diagnostic of local moments, is injustified.
Concluding remarks
We have stated on the basis of our evidence that core-level XPS splittings do not provide a reliable guide to magnetic moments on a given atom of a transition metal compound or alloy. This statement will not be a surprise to many scientists because the effect of screening of a core hole is well known in XPS studies.
Investigations of magnetic 3d transition metal impurities with Cooper minimum photoemission illustrate the large differences between noble metal and transition metal hosts. For noble metals, the impurity resonances are sharp because they are situated in the host sp band. For Pd, the majority states of Fe, Co and Ni impurities are strongly hybridized with the whole host d band, but the minority state centroid is near the top of, or even above, the top of the Pd d band so that narrow impurity resonances may well be found. More work is desireable to compare theory and experiment, and also to rationalise the physical properties of these materials with the details of the microscopic electronic structure that is slowly emerging.
